Introduction
============

Obesity-induced insulin resistance results in impairment of insulin signaling in insulin target tissues and insulin resistance in skeletal muscle is a precursor in the development of type 2 diabetes mellitus (T2DM) [@B1], [@B2]. Adipose tissue has been linked to the pathogenesis of obesity-related insulin resistance in skeletal muscle [@B3]. Many works have focused on adipose-derived adipokines or adipocyte-induced macrophage recruitment as potential factors regulating the crosstalk between adipose and skeletal muscle [@B4], [@B5]. However, these known factors that promote insulin resistance only partially explain the complex network of signals interconnecting adipose and skeletal muscle.

Adipose tissues synthesize and secrete non-coding microRNAs (miRNAs). MiRNAs have emerged as an important class of post-transcriptional regulators of metabolic diseases. Although miRNAs exist stably in circulation, they are also secreted by donor cells, and may reach distal receptor cells to regulate their gene expressions [@B6], [@B7]. MiR-27a is highly expressed in adipose tissue, and was initially proposed as a negative regulator of adipogenic and lipogenic pathways [@B8], [@B9]. MiR-27a is highly expressed in sera of obese individuals with prediabetes and T2DM [@B10]. In patients with metabolic syndrome, serum miR-27a levels were positively correlated with fasting blood glucose and obesity [@B11]. A significant fraction of miRNAs existing in circulation is in the form of 50-200 nm vesicles, known as exosomes. Exosomes carrying miRNAs are internalized by recipient cells through endocytosis or pinocytosis [@B12], [@B13]. Recently, it was demonstrated that adipose tissue is a major source of circulating exosomal microRNAs in the obese state [@B14]. However, whether exosomal miR-27a secreted into circulation by adipose tissue regulates insulin resistance and its targets downstream genes in skeletal muscle is unknown.

MiR-27a is a negative regulator of peroxisome proliferator-activated receptor γ (PPARγ) [@B8], [@B15]. PPARγ is a potent modulator of whole-body lipid metabolism and insulin sensitivity. Activated PPARγ heterodimerizes with RXR to maintain glucose homeostasis through direct regulation of genes harboring PPAR response elements (PPREs), including the glucose transporter GLUT4 and the insulin receptor substrate IRS-1 [@B16]. Loss of skeletal muscle PPARγ was shown to result in severe insulin resistance [@B17]. Whether PPARγ is a target of miR-27a in the development of insulin resistance in skeletal muscle is unknown.

In this study, the association between miR-27a and insulin resistance in skeletal muscle was determined in obese children, high-fat diet-induced miR-27a knockdown obese mice, db/db mice and C2C12 cells overexpressing miR-27a. The crosstalk mediated by exosomal miR-27a between adipose tissue and skeletal muscle was determined in C2C12 cells incubated with conditioned medium prepared from palmitate-treated 3T3-L1 adipocytes. We show that adipocyte-derived exosomal miR-27a results in insulin resistance in skeletal muscle through targeting PPARγ.

Results
=======

Serum miR-27a level is associated with obesity-induced insulin resistance
-------------------------------------------------------------------------

Body weight, weight circumference, BMI and the levels of all adipocytokines, except adiponectin, were elevated in obese compared to non-obese children (Table [2](#T2){ref-type="table"} and Table [S1](#SM0){ref-type="supplementary-material"}). MiR-27a was elevated in serum of obese children (OB) compared to normal-weight children (NW) in agreement with previous clinical studies (Figure [1](#F1){ref-type="fig"}A) [@B10], [@B11]. Serum miR-27a level was positively correlated with BMI, fasting blood glucose level (Figure [1](#F1){ref-type="fig"}B-C) and serum resistin, IL-6 and TNF-α levels (Figure [S1](#SM0){ref-type="supplementary-material"}). Thus, expression of miR-27a is associated with obesity in children.

Temporal increases in percent body fat distribution (Figure [1](#F1){ref-type="fig"}D and Figure [S2](#SM0){ref-type="supplementary-material"}A), and area under the glucose concentration curve (AUC) of OGTT and ITT (Figure [1](#F1){ref-type="fig"}F-G and Figure [S3](#SM0){ref-type="supplementary-material"}A-B), were observed in C57BL/6J mice fed for up to 12 weeks a high-fat diet (HF) compared to a low-fat diet (LF). These increases correlated with an increase in serum level of miR-27a in the HF group (Figure [1](#F1){ref-type="fig"}E). High-fat diet induced significant elevations in TAG, CHOL, insulin and homeostasis model assessment of insulin resistance (HOMA-IR), and a decrease in the slope of ITT (K~ITT~) compared to that of the LF group for up to 12 weeks (Table [3](#T3){ref-type="table"}). In addition, body weight, fasting blood glucose, Lee\'s index, AUC of OGTT and serum miR-27a level were significantly increased in leptin receptor-deficient (db/db) mice compared to control (db/m) (Figure [1](#F1){ref-type="fig"}H-L and Figure [S3](#SM0){ref-type="supplementary-material"}E). Thus, circulating miR-27a levels are associated with obesity-induced insulin resistance in C57BL/6J mice fed a high-fat diet and in leptin receptor-deficient mice.

C57BL/6J mice fed a HF diet (HF+EV) exhibited an increase in percent body fat distribution compared to LF fed mice (LF+EV) (Figure [2](#F2){ref-type="fig"}A and Figure [S2](#SM0){ref-type="supplementary-material"}B). Knockdown of miR-27a in C57BL/6J mice fed a HF diet (HF+miR-27a(-)) resulted in an additional increase in percent body fat distribution compared to HF+EV mice. Serum miR-27a was increased in HF+EV mice compared to LF+EV mice (Figure [2](#F2){ref-type="fig"}B). Knockdown of miR-27a in HF+miR-27a(-) mice resulted in a decrease in serum miR-27a compared to HF+EV mice. Serum TAG, CHOL, insulin and HOMA-IR were increased, and K~ITT~ was decreased in HF+EV mice compared to LF+EV mice (Table [4](#T4){ref-type="table"}). Knockdown of miR-27a in HF+miR-27a(-) mice resulted in a decrease in serum TAG, CHOL, insulin and HOMA-IR, and an increase in K~ITT~ compared to HF+EV mice. The AUC of OGTT and ITT were elevated in HF+EV mice compared to LF+EV mice (Figure [2](#F2){ref-type="fig"}C-D and Figure [S3](#SM0){ref-type="supplementary-material"}C-D). In contrast, the AUC of OGTT and ITT were reduced in HF+miR-27a(-) mice compared to HF+EV mice, confirming a role for miR-27a in the development of systemic insulin resistance.

MiR-27a alters insulin signaling in skeletal muscle
---------------------------------------------------

Insulin resistance in skeletal muscle is primarily manifested through impaired insulin-dependent glucose uptake. Hence, miR-27a level and expressions of key proteins in insulin-dependent glucose uptake were determined in skeletal muscle of HF and LF mice. Skeletal muscle miR-27a expression was significantly elevated at 8 and 12 weeks in HF compared to LF mice (Figure [3](#F3){ref-type="fig"}A). In addition, mRNA expressions of IRS-1 and GLUT4 in 12-week HF mice were significantly decreased compared to LF mice (Figure [3](#F3){ref-type="fig"}B). The protein expressions of skeletal muscle p-IRS-1 and p-Akt were lower in HF mice compared to LF mice after insulin injection (Figure [3](#F3){ref-type="fig"}C). Thus, insulin signaling in skeletal muscle is impaired after 12 weeks of high-fat diet, and this is associated with elevated expression of miR-27a.

To confirm the involvement of miR-27a in the development of insulin resistance in skeletal muscle of 12-week HF mice, we knocked down miR-27a and determined expressions of key proteins in insulin-dependent glucose uptake in skeletal muscle. MiR-27a expression was higher in HF+EV mice compared to LF+EV mice, and adenoviral knockdown of miR-27a in HF+miR-27a(-) mice reduced miR-27a expression in skeletal muscle (Figure [3](#F3){ref-type="fig"}D). The mRNA expressions of IRS-1 and GLUT4 were decreased in HF+ EV mice compared to LF+ EV mice, and adenoviral knockdown of miR-27a in HF+miR-27a(-) mice restored IRS-1 and GLUT4 mRNA levels to that observed in LF+ EV mice (Figure [3](#F3){ref-type="fig"}E). Adenoviral knockdown of miR-27a in HF+miR-27a(-) mice increased insulin-stimulated p-IRS-1 and p-Akt protein expressions compared to HF+ EV mice (Figure [3](#F3){ref-type="fig"}F). These results suggest that miR-27a may play a key role in the development of insulin resistance in skeletal muscle.

To further confirm a role for miR-27a in promoting an insulin signaling disorder in skeletal muscle and key insulin signaling pathway proteins, glucose uptake and consumption were determined in C2C12 cells overexpressing miR-27a. MiR-27a was increased 2.48-fold in cells overexpressing miR-27a \[miR-27a(+)\] compared to control (NC) (Figure [4](#F4){ref-type="fig"}A). Glucose consumption and glucose uptake were reduced in miR-27a(+) cells compared to control (Figure [4](#F4){ref-type="fig"}B-C). Insulin stimulation failed to increase glucose uptake in miR-27a(+) cells compared to control (Figure [4](#F4){ref-type="fig"}C). The mRNA expressions of IRS-1 and GLUT4 were lower in miR-27a(+) cells compared to control (NC) (Figure [5](#F5){ref-type="fig"}H). Protein expression of IRS-1 was lower in miR-27a(+) cells compared to control (Figure [5](#F5){ref-type="fig"}I-K). In addition, insulin-stimulated p-IRS-1 and p-Akt were lower in miR-27a(+) cells compared to control (NC) (Figure [5](#F5){ref-type="fig"}I, K-L). Together, the above data indicate that miR-27a may impair insulin signaling and lead to insulin resistance in skeletal muscle.

MiR-27a impairs insulin signaling in skeletal muscle through PPARγ inhibition
-----------------------------------------------------------------------------

PPARγ is a potent modulator of whole-body insulin sensitivity, and promotes glucose uptake in skeletal muscle. Bioinformatic prediction indicated that miR-27a may negatively regulate PPARγ (Figure [4](#F4){ref-type="fig"}D). The results of the luciferase assay test showed that miR-27a significantly decreased luciferase density via binding to the sequence of wild-type PPARγ 3\'UTR, while no reduction was found with the mutant PPARγ 3\'UTR (Figure [4](#F4){ref-type="fig"}E), confirming that PPARγ is indeed a direct target of miR-27a. The mRNA and protein expressions of PPARγ in skeletal muscle were lower in 12-week HF mice compared with LF mice (Figure [5](#F5){ref-type="fig"}A-C). MiR-27a knockdown in HF mice increased mRNA and protein expressions of PPARγ, and this coincided with increased insulin sensitivity of skeletal muscle (Figure [5](#F5){ref-type="fig"}D-F). These data indicate that PPARγ might be a target of miR-27a in the impairment of insulin signaling in skeletal muscle.

To identify a key role for PPARγ in the miR-27a-mediated impairment of insulin signaling, expressions of key insulin signaling proteins, glucose consumption and uptake were determined in C2C12 cells overexpressing miR-27a treated with or without the PPARγ activator rosiglitazone. Rosiglitazone treatment increased glucose consumption in both control cells and cells overexpressing miR-27a compared to untreated cells (Figure [4](#F4){ref-type="fig"}B), and increased glucose uptake and insulin-stimulated glucose uptake in both control cells and cells overexpressing miR-27a (Figure [4](#F4){ref-type="fig"}C). Rosiglitazone treatment partially increased PPARγ mRNA and protein expressions in cells overexpressing miR-27a (Figure [5](#F5){ref-type="fig"}G-J). In addition, rosiglitazone treatment increased mRNA expressions of IRS-1 and GLUT4 in cells overexpressing miR-27a (Figure [5](#F5){ref-type="fig"}H), and increased insulin-stimulated p-IRS-1 protein and its downstream p-Akt protein expressions in cells overexpressing miR-27a (Figure [5](#F5){ref-type="fig"}K-L). Overall, these results demonstrate that PPARγ may serve as a key target of miR-27a-induced insulin resistance in skeletal muscle.

Lipid-laden adipocytes, but not macrophages, secrete miR-27a into exosomes
--------------------------------------------------------------------------

Adipose tissue is recognized as a main source of circulating miRNAs in the obese state [@B17]. Serum miR-27a levels were increased temporally in HF mice compared to LF mice, and increased in db/db mice compared to db/m mice (Figure [1](#F1){ref-type="fig"}E, K). MiR-27a expression was increased in visceral adipose tissue of mice fed a high-fat diet for 2 weeks compared to LF fed mice (Figure [6](#F6){ref-type="fig"}A). Surprisingly, visceral adipose tissue miR-27a expression was lower in HF mice compared to LF mice after 4 weeks of feeding. In addition, db/db mice exhibited lower expression of miR-27a in visceral adipose compared to db/m mice (Figure [6](#F6){ref-type="fig"}B). MiR-27a knockdown in HF fed mice resulted in a decrease in miR-27a level in visceral adipose tissue (Figure [6](#F6){ref-type="fig"}C).

We determined if the elevated serum miR-27a in these animal models of obesity could be derived from secretion of miR-27a from adipocytes. Differentiated 3T3-L1 cells were treated in the absence or presence of 0.3 mM palmitate for 48 h to mimic lipid drop accumulation in adipose of HF mice, and miR-27a expression and secretion were determined. An increase in lipid accumulation was observed in palmitate-treated cells (Pal) compared to control (Figure [6](#F6){ref-type="fig"}D-E). This coincided with an increase in TAG concentration (Figure [6](#F6){ref-type="fig"}F). Consistent with the *in vivo* animal models of obesity, miR-27a expression was lower in palmitate-treated 3T3-L1 cells compared to control (Figure [6](#F6){ref-type="fig"}G). In contrast, miR-27a levels in the supernatant of palmitate-treated cells was 2.7-fold higher than control cells (Figure [6](#F6){ref-type="fig"}H). Macrophages are present in adipose tissue of obese individuals. To determine whether miR-27a secreted from adipose tissue in the obese state was derived from macrophages or adipocytes, RAW264.7 macrophages were incubated with various concentrations of palmitate (0-0.4 mM) for up to 48 h, and cell viability and expression of miR-27a were determined. Treatment of RAW264.7 cells with palmitate did not affect miR-27a release into the supernatant under all conditions examined (Figure [S4](#SM0){ref-type="supplementary-material"}). Thus, the elevated expression of miR-27a in the supernatant is likely due to its release from adipocytes in the obese state.

FABP4 is a specific marker of adipocyte-derived exosomes [@B18]. We examined serum FABP4 levels in LF and HF animals. Serum FABP4 levels were increased in the HF group compared to the LF group by 4 weeks of feeding (Figure [7](#F7){ref-type="fig"}A). In addition, serum exosomes were FABP4 positive, and miR-27a accumulation in these exosomes from the serum of HF mice were higher compared to LF mice (Figure [7](#F7){ref-type="fig"}B-C). We next examined if lipid loading of adipocytes expressing miR-27a increased miR-27a release in exosomes. Treatment of 3T3-L1 cells with palmitate increased miR-27a release into the supernatant compared to controls (Figure [7](#F7){ref-type="fig"}D). Treatment of 3T3-L1 cells overexpressing miR-27a with palmitate increased miR-27a mRNA release into the supernatant to a greater extent than control cells treated with palmitate. In supernatant of 3T3-L1 cells overexpressing miR-27a treated with palmitate, miR-27a was co-localized with FABP4 (Figure [7](#F7){ref-type="fig"}E). This was further confirmed by scanning electron microscopy of exosomes and identification of the exosome marker CD63 in the supernatant of 3T3-L1 treated with palmitate (Figure [7](#F7){ref-type="fig"}F-H). Thus, lipid-laden adipocytes secrete miR-27a into exosomes.

Adipocyte-derived exosomal miR-27a is taken up by C2C12 skeletal muscle cells
-----------------------------------------------------------------------------

We next determined if exosome-derived miR-27a from adipocytes could be taken up by skeletal muscle. We initially determined if FABP4 was expressed in skeletal muscle. Expression of FABP4 protein was increased in lysates of skeletal muscle of HF compared to LF mice (Figure [8](#F8){ref-type="fig"}A). Next, C2C12 cells were incubated for 48 h with conditioned medium prepared from either control (CM1) or palmitate-treated (CM2) adipocytes. FABP4 and miR-27a levels in the supernatant were reduced after incubation of C2C12 cells with either CM1 or CM2 medium for 48 h (Figure [8](#F8){ref-type="fig"}B, D). In contrast, FABP4 protein and miR-27a levels were elevated in C2C12 cells incubated with CM2 compared to CM1 (Figure [8](#F8){ref-type="fig"}C, E). To determine whether other components of the medium resulted in miR-27a generation within C2C12 cells, C2C12 were incubated with conditioned medium prepared from control or palmitate-treated 3T3-L1 cells in which miR-27a was knocked down. There was minimal expression of miR-27a in C2C12 cells incubated with conditioned medium prepared from either control or palmitate-treated 3T3-L1 cells in which miR-27a was knocked down (Figure [8](#F8){ref-type="fig"}E). Next, fluorescently labeled exosomes isolated from the supernatant of either control or palmitate-treated adipocytes were co-incubated with C2C12 cells for 48 h. Fluorescence intensity was greater in C2C12 incubated with supernatant from palmitate-treated adipocytes compared to control (Figure [8](#F8){ref-type="fig"}F). These data suggest that lipid-loaded adipocytes secrete more miR-27a containing exosomes than normal adipocytes, and that adipocyte-derived exosomal miR-27a is taken up by skeletal muscle cells.

Adipocyte-derived miR-27a accumulates in skeletal muscle cells, and impairs insulin signaling via repression of PPARγ
---------------------------------------------------------------------------------------------------------------------

To determine the mechanism of the miR-27a-induced impairment in insulin signaling in skeletal muscle, C2C12 cells were incubated with conditioned medium prepared from control (CM1) and palmitate-treated 3T3-L1 (CM2) adipocytes, and glucose uptake, glucose consumption and expressions of key insulin signaling proteins were determined. Glucose consumption, glucose uptake and insulin-stimulated glucose uptake were reduced in CM2-treated C2C12 cells compared to CM1-treated cells (Figure [9](#F9){ref-type="fig"}A-B). In contrast, glucose consumption, glucose uptake and insulin-stimulated glucose uptake were unaltered in C2C12 cells incubated with CM1 or CM2 medium prepared from 3T3-L1 cells in which miR-27a was knocked down (Figure [9](#F9){ref-type="fig"}A-B). Moreover, obvious reductions in PPARγ mRNA and protein levels were observed in the CM2 group compared to the CM1 group, which were restored by miR-27a knockdown in the CM2 group (Figure [9](#F9){ref-type="fig"}C-D). To determine whether palmitate incubation itself altered miR-27a expression in skeletal muscle, C2C12 cells were incubated with various concentrations of palmitate (0-0.5 mM) for 48 h, and cell viability, glucose uptake, and expression of miR-27a were determined. No alteration in glucose consumption nor miR-27a expression in the supernatant were observed in cells incubated with concentrations of palmitate that did not alter cell viability (Figure [S5](#SM0){ref-type="supplementary-material"}). Finally, we examined expressions of key factors involved in the regulation of insulin signaling in skeletal muscle. PPARγ, IRS-1 and GLUT4 mRNA expressions were reduced, and insulin-stimulated p-IRS-1 and p-AKT were reduced in CM2-treated C2C12 cells compared to CM1-treated cells (Figure [9](#F9){ref-type="fig"}E-F). Collectively, the above results suggest that adipose tissue-derived miR-27a impairs insulin signaling via repression of PPARγ in skeletal muscle.

Discussion
==========

Substantial experimental evidences have confirmed an endocrine crosstalk between adipose tissue and skeletal muscle [@B19]-[@B21]. However, the molecular mechanism by which adipocyte-derived endocrine factors promote insulin resistance of skeletal muscle are not fully understood. In the current study, we demonstrated that adipose-derived exosomal miR-27a is taken up by skeletal muscle, and this results in impairment of insulin-dependent glucose uptake into skeletal muscle in the obesity-triggered insulin resistance state. The principal findings of our study are 1. MiR-27a plays a key role in obesity-induced insulin resistance in skeletal muscle; 2. MiR-27a is secreted by lipid-loaded adipocytes in exosomal form, and is taken up by skeletal muscle cells; and 3. Adipose-derived miR-27a induces insulin resistance in skeletal muscle via PPARγ repression.

MiR-27a is an adipogenic and lipogenic regulator known to alter macrophage polarization, brown adipogenesis, CHOL homeostasis and production of inflammatory factors [@B8], [@B22]-[@B25]. Microarray analysis and meta-analysis indicated that serum miR-27a is elevated and positively correlated with the level of fasting glucose in obese and obese-related T2DM patients [@B10], [@B11]. The result from our clinical observations in obese children (positive correlation of miR-27a with BMI) was consistent with a previous report in obese adults [@B26]. We previously demonstrated a correlation between miR-27a and insulin resistance in high-fat diet-induced obese mice [@B27]. In the current study, we also showed that miR-27a was positively associated with insulin resistance in a genetic model of T2DM, the db/db mice. Unexpectedly, miR-27a knockdown in high-fat diet-fed mice resulted in an increase in percentage fat distribution, but improvement of insulin resistance. MiR-27a has been shown to repress adipogenesis and adipocyte differentiation by directly targeting PPARγ [@B8], [@B9]. PPARγ activation increases the number of small adipocytes, which are more sensitive to insulin [@B28]. This may explain why miR-27a knockdown induced an increase in fat distribution, but resulted in a beneficial effect on insulin resistance in the current study. These studies suggest that an increase in circulating miR-27a may play a key role in the development of obesity-induced insulin resistance.

Adipose tissue is the major source of circulating exosomal miRNAs, and adipocyte-derived exosomes may contribute to the development of insulin resistance in the obese state [@B14], [@B29], [@B30]. Thus, it is possible that elevated miR-27a in the serum of obese patients may be derived from exosomes secreted by adipose tissue. In our study, adipose tissue miR-27a expression was initially increased after 2 weeks of feeding mice with a high-fat diet, then reduced after 4 weeks of feeding, supporting a previous observation in adipose tissue of obese humans [@B31]. We confirmed that serum exosomes were FABP4 positive, and that miR-27a was expressed in both serum and serum exosomes of obese mice. A previous study demonstrated that adipose tissue macrophages in obese mice secreted miRNA-containing exosomes [@B32]. In that study, the authors performed deep sequencing analysis of miRNAs from both lean and obese adipose tissue macrophage-derived exosomes, and observed no miR-27a in differential expression of exosomal miRNAs [@B32]. In the current study, we did not observe the alteration in miR-27a secretion into the supernatant of RAW264.7 macrophages treated with various doses of palmitate. These data suggest that the increase in miR-27a in the serum of obese mice is not due to secretion from adipocyte tissue macrophages. These data suggest that increased levels of circulating exosomal miR-27a in the obese state may be derived from adipose tissue.

Skeletal muscle is the major tissue for disposal of ingested glucose in normal glucose-tolerant individuals, and dysfunction of glucose disposal in skeletal muscle results in systemic insulin resistance [@B33]. A previous study indicated that co-silencing of miR-106b, miR-27a and miR-30d enhanced glucose consumption and glucose uptake in L6 skeletal muscle cells [@B34]. In the current study, in mice fed a high-fat diet for 12 weeks, decreases in expressions and activities of key proteins of insulin signaling and insulin-dependent glucose uptake were observed, and whole-body knockdown of miR-27a attenuated these effects. *In vitro* overexpression of miR-27a in C2C12 cells inhibited glucose consumption and glucose uptake. These data suggest that miR-27a may play a key role in the development of insulin resistance in skeletal muscle.

Whether miR-27a may serve as a messenger between adipose tissue and skeletal muscle was unknown. Adipocytes from high-fat diet-induced obese mice secreted significant miR-27a into circulation, and miR-27a was elevated in skeletal muscle of these mice. FABP4, an exosomal marker, was elevated in serum exosomes of mice fed a HF diet, and this coincided with an increase in exosomal miR-27a. Moreover, FABP4 levels were elevated in the skeletal muscle of these mice. Incubation of 3T3-L1 adipocytes with palmitate increased FABP4-labeled miR-27a secretion into the medium, and incubation of C2C12 skeletal muscle cells with this medium resulted in an increase in miR-27a taken up into C2C12 cells from the medium. MiR-27a expression was not elevated in C2C12 skeletal muscle cells incubated with palmitate alone. Finally, there was no alteration in the level of miR-27a taken up into C2C12 cells incubated with medium derived from palmitate-treated 3T3-L1 cells with miR-27a knockdown in which exosomal secretion of miR-27a was reduced. Together, these data indicate that adipocyte-derived exosomal miR-27a can be taken up by skeletal muscle cells. Thus, the elevated levels of miR-27a observed in skeletal muscle in the obese insulin-resistant state are likely due to uptake of miR-27a derived from adipocytes, and not through endogenous production in skeletal muscle. Hence, modulation of miR-27a expression in skeletal muscle may serve as an approach to prevent obesity-triggered insulin resistance.

PPARγ is closely associated with insulin resistance in skeletal muscle, and plays a key role in the glucose uptake pathway of skeletal muscle through modulation of GLUT4 and IRS-1 expressions [@B16]. Thiazolidinediones (TZDs) are canonical PPARγ-dependent trans-activators that are used clinically as insulin sensitizers [@B35], [@B36]. A previous study showed that induction of PPARγ expression in adipocytes improved insulin resistance in obese mice [@B37]. In addition, knockout of PPARγ in mouse skeletal muscle was shown to result in progressive insulin resistance [@B17]. Moreover, rosiglitazone has been reported to not only induce activity of endogenous PPARγ, but also increase the expression of PPARγ [@B38]-[@B40]. PPARγ has been identified as a direct target of miR-27a through bioinformatic prediction. MiR-27a inhibited lipid synthesis and adipocyte differentiation through inhibition of PPARγ [@B8], [@B41]. However, it was unknown if PPARγ is a direct target of miR-27a involved in the development of insulin resistance in skeletal muscle. In the current study, miR-27a knockdown in high-fat diet-fed mice increased mRNA and protein expression of PPARγ, and this coincided with increased insulin sensitivity of skeletal muscle. We used rosiglitazone to determine the interaction between miR-27a and PPARγ in insulin resistance in skeletal muscle. In C2C12 cells overexpressing miR-27a, glucose consumption and uptake were reduced, and rosiglitazone treatment of these cells partially reversed this. In addition, rosiglitazone treatment increased mRNA expressions of PPARγ, IRS-1 and GLUT4 in C2C12 cells overexpressing miR-27a. These results suggest that PPARγ might serve as a key target in miR-27a-mediated insulin resistance in skeletal muscle. In conclusion, adipose tissue-derived miR-27a may play a key role in development of obesity-triggered insulin resistance in skeletal muscle.

In conclusion, this study contributes to our current understanding of the crosstalk between adipose tissue and skeletal muscle in obesity-triggered insulin resistance. The negative effects of adipocyte tissue-derived exosomal miR-27a in promoting insulin resistance of skeletal muscle suggest that modulation of miR-27a expression may serve as a therapeutic approach to obesity-triggered metabolic syndrome and type 2 diabetes.

Materials and methods
=====================

Clinical subject study
----------------------

The clinical subject study was performed in The First Clinical Hospital, affiliated with Jilin University, from September 2013 to May 2014. 45 children, 6-15 years old with diagnosed obesity (OB group) and 45 age-matched non-obese controls (NW group) were recruited. The height (m) and weight (kg) were measured during each clinic visit. BMI was calculated as weight (kg)/height^2^ (m^2^), and was converted into age- and gender-specific BMI percentiles based on the CDC growth chart. Overweight was defined as BMI \> 85%, and obesity defined as BMI \> 95% [@B42]. Patients with chronic systemic disorders, such as Cushing\'s syndrome, cystic fibrosis, and cardiac, renal or gastrointestinal diseases, or patients who had been treated with insulin sensitizers including metformin were excluded from the study. The study was approved by the Ethics Review Board of Jilin University and written informed consent was obtained from all subjects and their parents before participation in the study. Blood samples were obtained after a 12 h fast, placed into serum tubes, which were centrifuged at 3,500 × g for 15 min at 4 °C, and the resulting serum samples were split and stored at minus 80 °C until needed.

Animal studies
--------------

C57BL/6J male mice and db/db leptin receptor-deficient male mice were obtained from Beijing HFK Bioscience Co. Ltd (SCXK(Jing)2014-0004). All mice were housed individually on a 12 h light-dark cycle in the temperature-controlled animal room. C57BL/J6 mice were fed a low-fat diet (LF, n=40) (10% kcal% fat, D12450B) or high-fat diet (HF, n=40) (60% kcal% fat, D12492i, Research Diets, USA) for up to 12 weeks. Body weight and food intake were measured biweekly. At 2, 4, 8 and 12 weeks post treatment, mice were fasted for 12 h, and blood was collected from the orbital venous plexus. Serum was separated by centrifugation at 3500 × g for 15 min. Serum fasting blood glucose (FBG), glucose, total cholesterol (CHOL), triglyceride (TAG) (Nanjing Jiancheng, China) and insulin (ALPCO, USA) were determined as per the manufacturer\'s instructions. Oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) were measured at 2, 4, 8 and 12 weeks as described below. Fat distribution was determined using a Dexa Scanner. Eight-week-old db/m mice (control, n=10) and db/db mice(n=10) were housed for 4 weeks, then body weight, Lee\'s index, fasting blood glucose, miR-27a expression and OGTT area under the curve were measured as described below.

For miR-27a knockdown in C57BL/J6 mice, mice were separated into three groups: empty adenoviral vector (hU6-MCS-Ubiquitin-EGFP-IRES-puromycin-mmu-miR-27a-3p-inhibition) fed low-fat diet (LF+EV, n=10), empty adenoviral vector fed high-fat diet (HF+EV, n=10), and miR-27a adenoviral knockdown (mmu-miR-27a-3p-inhibition sequence 5\'-GCGGAACTTAGCCACTGTGAA-3\') fed high-fat diet (HF+miR-27a(-), n=10)). After 8 weeks of feeding, adenovirus (100 μL adenovirus, 2 × 10^7^ TU/mL, Genechem, China) was injected via the tail vein. 4 weeks post-injection, OGTT, ITT, and fat distribution were determined. In some experiments, half of each group of animals was injected with 0.75 IU/kg body weight insulin (Novolin R, Denmark) (i.p.) 15 min before sacrifice, and the serum was obtained for biochemical analysis.

OGTT and ITT
------------

For OGTT, mice were fasted overnight for 12 h, then orally gavaged with 2 g/kg body weight of glucose dissolved in water. 10 uL blood was obtained from the tail tip, and glucose measured at 0, 30, 60, 90, 120 min using a glucometer (Roche, USA). For ITT, mice were fasted for 2 h, and then injected with 0.5 IU/kg body weight insulin (i.p.). 10 uL blood was obtained from the tail tip, and glucose measured at 0, 15, 30, 60, 120 min as above.

Cell culture studies
--------------------

Mouse pre-adipocyte fibroblast 3T3-L1 and mouse myoblast C2C12 cell lines (ATTC, USA) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) and 10% bovine calf serum (Gibco, USA) in an atmosphere of 5% CO~2~ at 37 °C. For differentiation studies, 3T3-L1 cells were incubated with DMEM containing 10 % FBS, 1 μM dexamethasone (Sigma, USA), 0.5 mM IBMX (Sigma, USA) and 10 μg/mL insulin or DMEM containing 10% FBS and 10 μg/mL insulin or DMEM containing 10% FBS in turn. Cell culture medium was changed every two days until the 8^th^ day. Mouse myoblast C2C12 cells (ATCC, USA) (grown to 70% confluence) were cultured in DMEM, and differentiated by incubation with DMEM containing 2% horse serum (Gibco, USA) for 4 days.

3T3-L1 or C2C12 were seeded in 96-well plates at a density of 5 × 10^3^ per well, and allowed to attach for 24 h at 37 °C. Cells were then incubated with various concentrations of rosiglitazone (0-80 μM) or palmitate (0-0.5 mM) for 48 h. The culture medium was replaced by MTT (0.5 mg/mL), and incubated at 37 ℃ for 4 h. DMSO was added to dissolve the formazan crystals, and the absorbance was measured using an Epoch microplate reader (Biotek, USA) at 562 nm.

In some experiments, differentiated 3T3-L1 cells were incubated with 0.3 mM palmitate for 48 h to mimic adipocytes in the obese state [@B43]. Cells were then washed with PBS, and fixed in 4% formaldehyde for 30 min, and then stained with 60% oil red O (Sigma, USA) at 37 °C for a further 30 min. Excess stain was washed with distilled water, and the cells were photographed using an Olympus microscope (Tokyo, Japan). The staining solution was redissolved in isopropanol, and absorbance was measured at 510 nm. Intracellular TAG content was determined using a TAG determination kit as per the manufacturer\'s instructions (Nanjing Jiancheng, China).

MiR-27a overexpression plasmid and shRNA plasmid construction
-------------------------------------------------------------

The expression vectors containing mmu-miR-27a-3p, and its complementary sequence were purchased from GenePharma (China). The mmu-miR-27a-3p sequences were as follows: GTTCACAGTGGCTAAGTTCCGC; the mmu-miR-27a-3p shRNA sequences were as follows: GCGGAACTTAGCCACTGTGAA. The sequence was inserted into pGPU6-GFP-NEO (GenePharma, China). 3T3-L1 cells were incubated with miR-27a plasmid or shRNA plasmid, and treated with without 0.3 mM palmitate for 48 h.

Determination of glucose consumption and glucose uptake in C2C12 cells
----------------------------------------------------------------------

Differentiated C2C12 cells were incubated with miR-27a plasmid in the absence or presence of 20 μM rosiglitazone for 48 h. Cells were then cultured in FBS-free DMEM (15 mM D-glucose) supplemented with 0.2% BSA for 48 h. The Glucose concentration in the medium was determined as above. Glucose consumption was calculated from the difference between the initial glucose concentration and the residual glucose concentration of the culture medium. For glucose uptake determination, cells were washed three times with KRB, and incubated with or without 100 nM insulin in glucose-free DMEM for 10 min, and 100 μM 2-\[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino\]-2-deoxy-D-glucose (2-NBDG; Invitrogen, USA) was added to the medium for 30 min. The medium was removed, and the cells then were washed twice with ice-cold PBS. The fluorescence intensity in each well was then measured at 485 nm/535 nm (excitation wavelength/emission wavelength) using an Epoch fluorescence microplate reader (Biotek, USA).

MiR-27a transfection of 3T3-L1 and C2C12 cells
----------------------------------------------

Differentiated 3T3-L1 cells were transfected with miR-27a overexpression plasmid, and palmitate-treated 3T3-L1 cells were transfected with miR-27a shRNA plasmid ormiR-27a overexpression plasmid using Lipofectamine 2000 (Invitrogen, USA) for 6 h. The cell medium was replaced by DMEM containing 10% FBS, and incubated for 48 h. Differentiated C2C12 cells were transfected with miR-27a overexpression plasmid using Lipofectamine 2000 for 6 h. Cells were then treated plus or minus 20 μM rosiglitazone for a further 48 h. Then the cells were washed with PBS in preparation for real-time polymerase chain reaction (RT-PCR) analysis or Western blot analysis.

Luciferase reporter test
------------------------

Cells were grown overnight in 12-well plates, and cotransfected with PPARγ-wild type-3\' Luc or PPARγ-Mutant-3\' Luc and mmu-miR-27a or negative control (synthesis by v-solid, China) using DharmaFECTDuo transfection reagent (Thermo Scientific, USA) for 48 h, and fluorescence intensity was determined.

MiR-27a quantification
----------------------

Total RNA isolation from serum, cell supernatant, and exosome solution was performed as described previously [@B44]. Expression of miRNAs was normalized to ath-miR-156a, which was added exogenously, and was considered the reference miRNA [@B44]. Primers of miR-27a and miR-156a were obtained from Ribobio (Guangzhou, China). Reverse transcription was performed with a first strand cDNA synthesis kit (Transgen Biotech, China) according to the manufacturer\'s instructions. RT-PCR was performed on an ABI 7300 using Fast Start Universal SYBR Green Master (Roche, USA) at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The expression levels relative to control were estimated by calculating 2^-ΔΔCT\ (ΔCTsample\ -\ ΔCTcontrol^). For isolation of total RNA in cells and tissues, total RNA was extracted from 2 × 10^4^/well cell or 100 mg frozen tissue by Trizol reagent (Invitrogen, USA). Reverse transcription and RT-PCR were performed as mentioned above. U6 was used as the internal reference of miR-27a. The expression levels relative to control were estimated by calculating 2^-ΔΔCT\ (ΔCTsample\ -\ ΔCTcontrol)^.

mRNA quantification in cells and tissue
---------------------------------------

PCR primers used for mRNA quantitation are indicated in Table [1](#T1){ref-type="table"}, and were synthesized from Sangon Biotech (China). Total RNA was extracted from 2 × 10^4^ per well cells or 100 mg frozen tissues by Trizol reagent (Invitrogen, USA). Reverse transcription and RT-PCR were performed as above. GAPDH was used as the internal mRNA reference. The expression levels relative to control were estimated by calculating 2^-ΔΔCT\ (ΔCTsample\ -\ ΔCTcontrol)^.

Western blot analysis
---------------------

Total proteins were extracted from gastrocnemius muscle tissue and C2C12 cells following the manufacturer\'s protocols (Beyotime, China). Protein concentration was quantified using the BCA protein assay kit (Thermo Fisher Scientific, USA). 80-120 μg protein was separated in a 12% SDS polyacrylamide gel, and electro-transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, USA). Membranes were blocked with 5% (w/v) BSA for 2 h at room temperature, and then incubated with primary antibodies with light shaking overnight at 4 °C \[(PPARγ, sc-7196; IRS-1, sc-7200; Akt, sc-8312; pSer473-Akt, sc-7985-R, Santa Cruz, USA), (pY612-IRS-1,ab66153, abcam, UK), (GAPDH, KM9002, Sungene, China)\]. The membranes were washed 3 times for 5 min each with 10 mL of TBST (10 mM Tris-HCl, 150 mM NaCl and 0.1% (v/v) Tween-20), and then incubated with secondary antibody (SA00001-1 and SA00001-2, Proteintech, USA) at room temperature for 2 h. Protein was visualized with enhanced chemiluminescence, and images were generated with a GENE Imaging system (Tannon, China).

C2C12 cell incubation with conditioned medium obtained from palmitate-treated 3T3-L1 cells
------------------------------------------------------------------------------------------

Differentiated 3T3-L1 cells were incubated in the absence or presence of 0.3 mM palmitate for 48 h in exosome-free serum. During the differentiated process, the medium of 3T3-L1 was collected every 48 h for the detection of miR-27a. The resulting supernatants were mixed with an equal volume of DMEM medium (containing 2% exosome-free horse serum). Medium from untreated cells was defined as conditioned medium 1 (CM1) and medium from palmitate-treated cells as conditioned medium 2 (CM2). C2C12 cells were then incubated for 48 h with CM1 or CM2. Conditioned medium was collected before and after treatment with C2C12 for the detection of miR-27a expression. Subsequent to incubation, glucose consumption and glucose uptake were determined, and RNA and protein expressions were determined as described above.

To determine whether other components of the medium resulted in miR-27a generation within C2C12 cells, C2C12 were incubated with conditioned medium prepared from control or palmitate-treated 3T3-L1 cells in which miR-27a was knocked down, addressed as CM1+miR-27a(-) and CM2+miR-27a(-), respectively. Subsequent to incubation, glucose consumption and glucose uptake, and RNA and protein expressions were determined. To exclude the effects of palmitate on skeletal muscle in conditioned medium, the effects of palmitate on cell viability, glucose consumption and miR-27a expression in C2C12 were examined, too.

Exosome isolation
-----------------

Differentiated 3T3-L1 cells were incubated in the absence or presence of 0.3 mM palmitate as above. 10 mL cell culture media was collected and centrifuged at 3,500 × g for 30 min to remove cells and large debris. The resulting supernatants were filtered using a 0.22 μm pore filter, and exosomes were isolated utilizing an Exoquick-TC reagent (System Biosciences, USA) as per the manufacturer\'s instructions. The resulting pellet was suspended in PBS for exosome applications or further processed for mRNA analysis or protein determination as described above.

Exosome identification
----------------------

For determination of CD63 expression in exosomes, 30 μg of protein from each sample was separated in a 12% SDS-PAGE gel, transferred to PVDF membrane, and Western blot analysis was performed as described above using CD63 antibody (ab193349, abcam, UK). For determination of miR-27a expression in exosomes, total RNA of exosome solution was extracted and levels of miR-27a determined as described above. For electron microscopy, exosomes were fixed in 4 % paraformaldehyde, and then adsorbed onto formvar-coated copper grids for 20 min in a dry environment. Samples were stained with uranyl oxalate for 5 min followed by methyl cellulose uranyl acetate for 10 min on ice. Excess liquid was wicked off by filter paper, and imaging was performed by electron microscopy (Hitachi H-7600, Japan).

Incubation of C2C12 cells with labeled exosomes from 3T3-L1 cells
-----------------------------------------------------------------

Exosomes from control and palmitate-treated 3T3-L1 were extracted and suspended in 500 μL PBS, then labeled with 50 μL Exo-Red by incubating at 37 °C for 10 min. 100 μL ExoQUICK-TC was added to stop the reaction. The mixtures were then incubated at 4 °C for 30 min and centrifuged at 14,000 × g for 10 min. Fluorescently labeled exosomes were suspended in 500 μL PBS. Differentiated C2C12 cells were incubated with labeled exosomes from control or hypertrophic 3T3-L1 for 48 h, then photographed using an IX-71 fluorescence microscope (Olympus, Japan).

Determination of fatty acid binding protein 4 (FABP4) level
-----------------------------------------------------------

The levels of FABP4 in serum, gastrocnemius muscle, culture medium and lysates of C2C12 cells were measured using ELISA according to the manufacturer\'s instructions (Abnova, China). For extraction of serum samples, blood was taken immediately after sacrifice, and the serum was collected after centrifugation at 3,500 × g for 15 min at 4 °C. Protein lysates were measured with a BCA protein assay kit. The concentration of FABP4 was then calculated based on absorption density determined at 450 nm.

Immunofluorescence of FABP4 and RNA or miR-27a and FABP4 in exosomes
--------------------------------------------------------------------

Exosomes from serum were extracted as described above for culture medium. Then the RNA in the exosomes were labeled using Exo-Red and fixed in 2% paraformaldehyde on ice for 30 min. Exosomes were then centrifuged and incubated with 1:20 diluted anti-FABP4 antibody (ab92501, abcam, UK) for 1 h. Exosomes were washed with PBS, and then incubated with 1:200 diluted FITC Goat-anti-Rabbit IgG (GR200G-02C, Sungene, China) for 1 h. After washing, exosomes were examined under an IX-71 fluorescence microscope. For exosomes extracted from culture medium, 3T3-L1 cells were first transfected with miR-27a overexpression plasmid (including GFP), and treated with palmitate for 48 h. Exosomes were then extracted and incubated with anti-FABP4 antibody and PE Goat-anti-Rabbit IgG, and fluorescence microscopy was performed as described above.

Statistical analysis
--------------------

Data (n\>6) are expressed as mean ± standard error (SE). Data (n≤6) are expressed as mean ± standard deviation (SD). Between two groups, analyses were performed using Student\'s t-test followed by F-test to compare the variances; among three or more groups, analyses were performed using one-way or two-way ANOVA, followed by a post hoc Bonferroni-test to determine individual differences among groups. p\<0.05 was considered statistically significant. p\<0.01 was considered significantly different. Statistical analyses were carried out using GraphPad Prism version 5.01 for Windows (USA).

Supplementary Material {#SM0}
======================

###### 

The supplementary information includes detailed descriptions of correlation analyses between miR-27a and adipocytokines in obese children, body fat distribution, oral glucose tolerance test and insulin tolerance test in high-fat diet-induced obese mice, and the effects of palmitate on miR-27a expressions in RAW264.7 and 3T3-L1. It also contains Figures S1-S5 and Table S1.

###### 

Click here for additional data file.

This work was conducted in Preclinical Pharmacology R&D Center of Jilin Province and Key Lab of Traditional Medicine for Diabetes of Jilin Province. This study was supported by funds from science and technology development projects of Jilin Province (20140203011YY, 20150311013YY, 20170623062TC), Norman Bethune Program of Jilin University (2015224) and the Heart and Stroke Foundation of Canada (to GMH). G.M.H. is the Canada Research Chair in Molecular Cardiolipin Metabolism.

Ethics Committee Approval and Patient Consent
=============================================

Approval was obtained for all animal studies under the guidelines of the IACUC of Jilin University. All clinical study was approved by the Ethics Review Board of Jilin University, and written informed consent was obtained from all subjects and their parents before participation in the study.

CHOL

:   cholesterol

CM

:   conditional medium

EV

:   empty adenoviral vector

FBG

:   fasting blood glucose

HF

:   high-fat diet

HOMA-IR

:   insulin resistance score

ITT

:   insulin tolerance test

LF

:   low-fat diet

INS

:   insulin

NW

:   normal weight

OB

:   obesity

OGTT

:   oral glucose tolerance test

TAG

:   triglyceride.

![**Serum miR-27a is associated with progressive systemic insulin resistance in obese children, and sera miR-27a levels are elevated in high-fat diet-fed mice and in db/db mice.** (A) The miR-27a levels in serum of obese and normal weight children. NW: normal weight group; OB: obese group. Statistical analysis was performed using Student\'s t-test. Data are presented as mean ± SEM, n=45, \*p\<0.05 compared to non-obese group. (B) Correlation between serum miR-27a levels and BMI. n=45. (C) Correlation between serum miR-27a levels and fasting blood glucose. n=45. (D) The percent body fat distribution at 2, 4, 8 and 12 weeks in HF and LF diet-fed mice. HF: high-fat diet group; LF: low-fat diet group. The week-group interaction was F=26.73, p\<0.01. (E) The relative expressions of miR-27a in sera of HF and LF groups. The week-group interaction was F=7.06, p\<0.05. (F) The area under the curve of OGTT in the HF and LF groups. OGTT: oral glucose tolerance test. The week-group interaction was F=36.86, p\<0.01. (G) The area under the curve of ITT in the HF and LF groups. ITT: insulin tolerance test. The week-group interaction was F=5.59, p\<0.01. Statistical analyses of D-G were performed using a Student\'s t-test. Data represent mean ± SD, n=5, \*\*p\<0.01 compared to LF group. (H) Body weight of db/m and db/db mice. (I) Lee\'s index of db/m and db/db mice. (J) Fasting blood glucose of db/m and db/db mice. (K) The relative expressions of miR-27a in serum of db/m and db/db mice. (L) The area under the curve of OGTT in db/m and db/db mice. OGTT: oral glucose tolerance test. Statistical analyses of H-L were performed using Student\'s t-test. Data for H-J represent mean ± SEM, n=10, \*\*p\<0.01 compared to db/m. Data for K-L represent mean ± SD, n=5, \*\*p\<0.01 compared to db/m.](thnov08p2171g001){#F1}

![**Knockdown of miR-27a reduces sera miR-27a levels and improves glucose and insulin tolerance, but not percentage body fat distribution, in high-fat diet-fed mice.** (A) The percent body fat distribution of low-fat diet+empty vector mice (LF+EV), high-fat diet+empty vector mice (HF+EV) and high-fat diet+miR-27a knockdown mice (HF+miR-27a(-)). (B) The relative expressions of serum miR-27a in each group. (C) The area under the curve of OGTT in each group. OGTT: oral glucose tolerance test. (D) The area under the curve of ITT in each group. ITT: insulin tolerance test. Data were analyzed using one-way ANOVA. All data are shown as the mean ± SD, n=5, \*\*p\<0.01 compared to LF+EV, \#\#p\<0.01 compared to HF+EV.](thnov08p2171g002){#F2}

![**MiR-27a promotes insulin resistance in skeletal muscle.** (A) The miR-27a levels in skeletal muscle of LF and HF mice at 2, 4, 8 and 12 weeks. The week-group interaction was F=8.10, p\<0.01. (B) The mRNA expressions of IRS-1, Akt and GLUT4 in 12-week LF and HF mice. (C) Protein expressions of p-IRS-1, IRS-1, p-Akt, Akt, and GAPDH in skeletal muscle of 12-week LF and HF mice treated (+) or untreated (-) with insulin. (D) MiR-27a levels in skeletal muscle of LF+EV, HF+EV and HF+miR-27a(-) mice. (E) The mRNA expressions of IRS-1, Akt and GLUT4 in LF+EV, HF+EV and HF+miR-27a(-) mice. (F) Protein expressions of p-IRS-1, IRS-1, p-Akt, Akt, and GAPDH in skeletal muscle of LF+EV, HF+EV and HF+miR-27a(-) mice. Data for A and B represent the mean ± SD, n=5, \*p\<0.05, \*\*p\<0.01 compared to LF mice. Data for D and E represent mean ± SD, n=5, \*\*p\<0.01 compared to LF+EV mice, \#p\<0.05 and \#\#p\<0.01 compared to HF+EV mice.](thnov08p2171g003){#F3}

![**MiR-27a impairs glucose consumption in C2C12 cells by targeting PPARγ.** (A) Expressions of miR-27a in control (black), miR-27a(+) (open), miR-27a+rosiglitazone (grey), and rosiglitazone (hatched) C2C12 cells. Data represent mean ± SD, n=4, \*\*p\<0.01 compared to control. (B) Glucose consumption in the above C2C12 cells. Data represent mean ± SD, n=6, \*\*p\<0.01 compared to control, \#\#p\<0.01 compared to miR-27a(+), \$\$p\<0.01 compared to miR-27a(+)+rosiglitazone. (C) Glucose uptake in the above C2C12 cells incubated with (+) or without (-) 100 nM insulin for 30 min. Data represent mean ± SD, n=6, \*\*p\<0.01 compared to its corresponding basal group without insulin stimulation, \#\#p\<0.01 compared to control without insulin stimulation, \$\$p\<0.01 compared to miR-27a(+) without insulin stimulation, &&p\<0.01 compared to miR-27a(+) insulin stimulation. (D) The sequences of mmu-miR-27a-3p and position 318-325 of PPARγ 3\'UTR complement each other by the prediction of targetscan. (E) Luciferase reporter test of miR-27a and PPARγ. Data represent mean ± SD, n=3, \*\*p\<0.01 compared to negative control (NC) wild-type PPARγ.](thnov08p2171g004){#F4}

![**MiR-27a impairs insulin-mediated signal transduction in skeletal muscle via PPARγ inhibition.** The mRNA (A) and protein (B-C) expressions of PPARγ in skeletal muscle of 12-week LF and HF mice. Data represent mean ± SD, n=5, \*p\<0.05 and \*\*p\<0.01 compared to LF. The mRNA (D) and protein (E-F) expressions of PPARγ in skeletal muscle of LF+EV, HF+EV and HF+miR-27a(-) mice. Data represent mean ± SD, n=5, \*\*p\<0.01 compared to LF+EV; \#\#p\<0.01 compared to HF+EV. (G) Protein expressions of PPARγ in control (black), miR-27a(+) (open), miR-27a+Rosiglitazone (hatched), and Rosiglitazone (grey)-treated C2C12 cells. Data represent mean ± SD, n=4, \*\*p\<0.01 compared to control, \#\#p\<0.01 compared to miR-27a(+), &&p\<0.01 compared to miR-27a(+)+Rosiglitazone. (H) The mRNA expressions of PPARγ, IRS-1, Akt and GLUT4 in control (black), miR-27a(+) (open) and miR-27a(+) plus Rosiglitazone (hatched)-treated C2C12 cells. (I) Protein expression of PPARγ, p-IRS-1, IRS-1, p-Akt, Akt and GAPDH in control and miR-27a(+) cells treated with (+) or without (-) Rosiglitazone or insulin. Relative expressions of PPARγ/GAPDH (J), p-IRS-1/IRS-1, IRS-1/GAPDH (K) and p-Akt/Akt, Akt/GAPDH (L) for the above cells. I: 100 nM insulin. Data for H-L represent mean ± SD, n=4, \*p\<0.05 and \*\*p\<0.01 compared to control, \#p\<0.05 and \#\#p\<0.01 compared to miR-27a(+), &&p\<0.01 compared to miR-27a(+)+Rosiglitazone, \$\$ p\<0.01 compared to miR-27a(+)+insulin.](thnov08p2171g005){#F5}

![**Adipocytes from HF diet-fed mice release miR-27a, and palmitate-treated 3T3-L1 adipocytes secrete miR-27a.** (A) Relative expressions of miR-27a in visceral adipose tissue of LF and HF mice at 2, 4, 8 and 12 weeks. Data represent mean ± SD, n=4, \*p\<0.05 and \*\*p\<0.01 compared to LF. The week-group interaction was F=11.2, p\<0.01. (B) Relative expressions of miR-27a in visceral adipose tissue of db/m and db/db mice. Data represent mean ± SD, n=4, \*p\<0.05 compared to db/m. (C) The miR-27a levels in visceral adipose tissue of LF+EV, HF+EV and HF+miR-27a(-) mice. Data represent mean ± SD, n=5, \*\*p\<0.01 compared to LF+EV, \#\#p\<0.01 compared to HF+EV. (D) Oil red O staining of control (Con) and palmitate (Pal)-treated 3T3-L1 cells. Upper panel, 100x magnification; lower panel, 400x magnification. The OD of oil red O staining (E) and triglyceride concentration (F) of the above cells. The relative expressions of miR-27a in cells (G) and supernatant (H) of control (Con) and palmitate (Pal)-treated cells. Data for E-H represent mean ± SD, n=6, \*\*p\<0.01 compared to Con.](thnov08p2171g006){#F6}

![**Lipid-loaded adipocyte-derived miR-27a is secreted in exosomes.** (A) FABP4 concentration in sera of 2, 4, 8 and 12-week LF and HF mice. Data represent mean ± SEM, n=10, \*p\<0.05, \*\*p\<0.01 compared to LF. (B) Fluorescence images of FITC-labeled FABP4 and Exo-Red-stained exosomes extracted from serum of 12 week HF mice. Bar: 100 nm. (C) MiR-27a levels in exosomes extracted from serum of 12-week LF and HF mice. Data represent mean ± SD, n=6, \*\*p\<0.01 compared to LF. (D) MiR-27a levels in exosomes extracted from the supernatant of control (Con), or palmitate (Pal)-treated 3T3-L1 cells expressing miR-27a (Pal+miR-27a(+)). Data represent mean ± SD, n=6, \*\*p\<0.01 compared to Con, \#\#p\<0.01 compared to Pal. (E) Fluorescence images of PE-labeled FABP4 and miR-27a containing GFP in exosomes extracted from medium of Pal+miR-27a(+) cells. Bar: 100 nm. (F) Scanning electron micrographs of exosomes from 3T3 cells incubated in the absence (Con) or presence (Pal) of 0.3 mM palmitate for 48 h. Top panel bar: 500 nm, Bottom panel bar: 200 nm. (G) CD63 in the above cells. (H) miR-27a expressions in exosomes of the above cells. Data represent mean ± SD, n=3, \*\*p\<0.01 compared to Con.](thnov08p2171g007){#F7}

![**Adipocyte-secreted exosomal miR-27a is taken up by C2C12 cells.** (A) FABP4 concentrations in skeletal muscle of LF and HF mice. Data represent mean ± SD, n=5, \*\*p\<0.01 compared to LF. The week-group interaction was F=7.02, p\<0.01. (B) FABP4 concentrations in the supernatant of C2C12 cells before or after incubation with CM1 or CM2 medium. Data represent mean ± SD, n=6, \*p\<0.05 and \*\*p\<0.01 compared to CM1 before treatment, \#\#p\<0.01 compared to CM2 before treatment. (C) FABP4 concentrations in C2C12 cells after incubation with CM1 or CM2. Data represent mean ± SD, n=6, \*\*p\<0.01 compared to CM1. (D) MiR-27a levels in medium of C2C12 cells after incubation with CM1 (black), CM1+miR-27a(-) (open), CM2 (hatched) or CM2+miR-27a(-) (grey) before or after incubation. Data represent mean ± SD, n=6, \*\*p\<0.01 compared to CM1 before treatment, \#\#p\<0.01 compared to CM2 before treatment. (E) MiR-27a levels in C2C12 cells after incubation with CM1, CM1+miR-27a(-), CM2 or CM2+miR-27a(-) conditioned medium. Data represent mean ± SD, n=6, \*\*p\<0.01 compared to CM1, \#\#p\<0.01 compared to CM2. (F) Fluorescence images of C2C12 cells co-incubated with Exo-Red-labeled exosomes from control (Con) or palmitate-treated 3T3-L1 cells (Pal). Bar: 100 nm.](thnov08p2171g008){#F8}

![**Adipocyte-derived miR-27a increases miR-27a, and impairs insulin signaling in C2C12 cells.** (A) Glucose consumption of C2C12 cells incubated with CM1 or CM2 medium prepared from 3T3-L1 cells with or without knockdown of miR-27a. Data represent mean ± SD, n=6, \*\*p\<0.01 compared to CM1, \#\#p\<0.01 compared to CM2. (B) C2C12 cells were incubated under the above conditions in the absence (-) or presence (+) of insulin, and 2-NBDG uptake was determined. Data represent mean ± SD, n=6, \*\*p\<0.01 compared to their related basal group without insulin stimulation, \#\#p\<0.01 compared to CM1 without insulin stimulation, \$\$p\<0.01 compared to CM2 without insulin stimulation, &&p\<0.01 compared to CM2 with insulin stimulation. The mRNA (C) and protein (D) expressions of PPARγ in C2C12 cells incubated with CM1 or CM2 medium prepared from 3T3-L1 cells with or without knockdown of miR-27a. Data represent mean ± SD, n=4, \*\*p\<0.01 compared to CM1 without insulin stimulation, \#\# p\<0.01 compared to CM2 without insulin stimulation. (E) The mRNA expressions of PPARγ IRS-1, Akt and GLUT4 in C2C12 incubated with CM1 or CM2. Data represent mean ± SD, n=6, \*p\<0.05, \*\*p\<0.01 compared to CM1. (F) Protein expressions of PPARγ, p-IRS-1, IRS-1, p-Akt, Akt and GAPDH in C2C12 incubated with CM1 or CM2 and incubated with (+) or without (-) insulin. n=4.](thnov08p2171g009){#F9}

###### 

Serum level of adipocytokines in non-obese and obese children

                      Non-obese    Obese
  ------------------- ------------ -----------------
  ADPN (μg/mL)        20.82±1.77   13.13± 0.90\*\*
  IL-6 (pg/mL)        12.98±0.76   24.73± 0.91\*\*
  Leptin (ng/mL)      21.48±1.30   37.40± 2.33\*\*
  Resisitin (ng/mL)   29.24±2.45   56.07± 3.01\*\*
  Subfatin (ng/mL)    14.36±3.5    19.05± 1.93\*
  TNF-α (pg/mL)       22.88±0.92   37.24± 1.83\*\*
  Visfatin (ng/mL)    8.06±0.41    17.89± 1.68\*\*

Statistical analyses were performed using Student\'s t-test followed by F-test to compare the variances. Values are presented as mean ± SEM, n=45, \*p\<0.05, \*\*p\<0.01 compared to the non-obese subject group.

###### 

Serum biochemical parameters of LF and HF diet-fed C57BL/6J mice

  Parameter        LF (2w)     HF (2w)         LF (4w)     HF (4w)          LF (8w)      HF (8w)          LF (12w)     HF (12w)
  ---------------- ----------- --------------- ----------- ---------------- ------------ ---------------- ------------ ----------------
  CHOL (mM)        3.57±0.33   4.22±0.23\*\*   4.08±0.16   5.91±0.17\*\*    3.96±0.26    6.16±0.19\*\*    3.83±0.29    7.17±0.35\*\*
  FBG (mM)         4.52±0.32   4.58±0.43       4.33±0.33   4.92±0.29        4.65±0.54    5.42±0.39        4.81±0.16    5.69±0.28\*
  HOMA-IR          1.39±0.11   1.51±0.16       1.48±0.11   2.28±0.20\*\*    2.24±0.33    4.43±0.44\*\*    2.42±0.07    6.91±0.29\*\*
  INS (mIU/L)      6.93±0.22   7.44±0.82       7.74±0.14   10.46±0.80\*\*   10.62±0.58   18.31±1.11\*\*   11.34±0.25   27.52±0.52\*\*
  K~ITT~ (%/min)   3.27±0.27   3.23±0.36       3.14±0.31   3.09±0.25        3.34±0.35    3.17±0.10        3.13±0.25    1.79±0.43\*\*
  TAG (mM)         0.95±0.09   1.03±0.10       1.13±0.07   1.35±0.09\*      1.14±0.07    1.42±0.06\*      1.28±0.07    1.87±0.07\*\*

Mice were treated with LF or HF diet for 2, 4, 8 and 12 weeks, and FBG, TAG, CHOL, INS, HOMA-IR and K~ITT~ were determined. HF: high-fat diet group; LF: low-fat diet group. The interactions between week and group were cholesterol (CHOL; F=5.485, p\<0.05), fasting blood glucose (FBG; F=0.088, p\>0.05), homeostasis model assessment of insulin resistance (HOMA-IR; F=28.025, p\<0.01), insulin (INS; F=46.773, p\<0.01), the slope of insulin tolerance test (K~ITT~; 0-15 min; F=3.157, p\<0.05) and triglyceride (TAG; F=4.579, p\<0.05). Analyses were performed by two-way ANOVA, followed by a post-hoc Bonferroni test to determine individual differences among groups. Values are presented as mean ± SEM, n=10, \*p\<0.05 and \*\*p\<0.01 compared to the corresponding LF group.

###### 

Serum biochemical parameters of LF, HF and HF+miR-27a(-) mice

  Parameter        LF+EV       HF+ EV           HF+miR-27a(-)
  ---------------- ----------- ---------------- ---------------------
  CHOL (mM)        3.54±0.19   7.21±0.17\*\*    5.98±0.15\*\*,\#
  FBG (mM)         4.78±0.11   5.3±0.21         4.82±0.06
  HOMA-IR          2.12±0.11   6.21±0.36\*\*    3.71±0.06\*\*,\#\#
  INS (mIU/L)      9.97±0.36   26.29±0.59\*\*   17.34±0.18\*\*,\#\#
  K~ITT~ (%/min)   3.23±0.52   1.96±0.20\*\*    2.50±0.11\#
  TAG (mM)         1.10±0.05   1.79±0.04\*\*    1.13±0.03\*\*,\#\#

CHOL: cholesterol; FBG: fasting blood glucose; HF+ EV: high-fat diet+empty vector group; HF+miR-27a(-): high-fat diet+miR-27a knockdown group; HOMA-IR: insulin resistance score; INS: insulin; K~ITT~: the slope of insulin tolerance test (0-15 min); LF+EV: low-fat diet+empty vector group; TAG: triglyceride. Data were analyzed using one-way ANOVA, followed by a post hoc Bonferroni test to determine individual differences among groups. Values are presented as mean ± SEM, n=10, \*p\<0.05 and \*\*p\<0.01 compared to LF+EV group, \#p\<0.05 and \#\#p\<0.01 compared to HF+EV group.

###### 

Primer sequences

  Target gene   Forward sense            Reverse sense
  ------------- ------------------------ ------------------------
  Akt           ATCCCCTCAACAACTTCTCAGT   CTTCCGTCCACTCTTCTCTTTC
  GAPDH         TGTGTCCGTCGTGGATCTGA     CCTGCTTCACCACCTTCTTGAT
  GLUT4         AAGATGGCCACGGAGAGAG      GTGGGTTGTGGCAGTGAGTC
  IRS-1         TATGCCAGCATCAGCTTCC      TAAAAACGCACCTGCTGTGA
  PPARγ         CTGGCCTCCCTGATGAATAA     CGCAGGTTTTTGAGGAACTC
  miR-27a       TGCGCTTCACAGTGGCTAAGT    CCAGTGCAGGGTCCGAGGTATT
  miR-156a      GCGGCGGTGACAGAAGAGAGT    CCAGTGCAGGGTCCGAGGTATT
  U6            CGCTTCGGCAGCACATATAC     AAATATGGAACGCTTCACGA
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